Abstract-As device technologies improve, the traditional driftdiffusion transport model becomes inadequate to predict the performance of state-of-the-art semiconductor devices. The reasons are believed to be the larger field and field gradient inside advanced devices which cause lattice heating and hot carrier nonlocal transport phenomena. For more accurate prediction on device performance, a new device simulator capable of full thermodynamic simulation was developed. The carrier and carrier energy transport equations are directly derived from the Boltzmann transport equation, and the energy transfer among electrons, holes and crystal lattice takes into account most of the all possible mechanisms. This simulator was used to simulate the dc behavior of a BJT and a half-micron NMOS. The simulation results show that for advanced devices, not only the drift-diffusion model becomes inadequate, but including only one of the two thermal effects results in error in simulated device characteristics.
I. INTRODUCTION RIFT-DIFFUSION-BASED device modeling is losing
D its capability for correct prediction on the performance of state-of-the-art semiconductor devices. Insufficiency of the drift-diffusion (DD) model results from the failure of some of its assumptions when the ignored physical mechanisms begin to occur in device operation. Two of the most important physical mechanisms ignored in the DD transport model are the lattice self-heating and the hot carrier effects. Lattice selfheating results from the high dissipated power density in the devices, and will cause characteristics variation of the crystal lattice. Hot carrier effects, on the other hand, are due to the high field and field gradient inside devices, and will have large impact on the carrier transport and device reliability.
DD transport model assumes that the device is always isothermal, and the carriers are always in a quasi-static state such that a direct relation between the carrier energy and the local electric field exists. The first assumption eliminates the carrier flux component driven by the temperature gradient, while the second enables the use of the local field-dependent relation for carrier transport parameters such as the carrier mobility. Since only potential and carrier concentrations are included in the solutions, it is implicitly assumed the dissipated power density inside devices is so low that no significant lattice temperature increase ever occurs.
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ical dimension is more aggressive than that of the applied bias, much stronger electric field and field gradient may exist in the advanced devices. As a result, dissipated power density inside devices becomes large enough that self-heating effects cannot be neglected [I] . Moreover, hot carrier nonlocal transport such as velocity overshoot begins to emerge due to the large field gradient and the finite energy relaxation rate [ 2 ] .
Consequently, the DD model becomes insufficient, and a full thermodynamic solution system which includes solutions for the carrier energies and the lattice temperature is needed for more accurate device performance prediction.
In the next section, derivation of the thermodynamic solution system of a new two-dimensional device simulator (FLOODS-Florida Object Oriented Device Simulator [3] ) will be briefly presented. Comparison between FLOODS and other device simulators will also be discussed. In the third section, the influence of lattice self-heating and hot-carrier nonlocal transport effects on a short-base npn BJT will be investigated. In the fourth section, influence of the two thermal effects on a submicron NMOSFET will be studied. They will show both effects are important in the advanced devices' operation, and simultaneous inclusion of both effects in the simulation is necessary for predicting the performance of stateof-the-art semiconductor devices.
THE THERMODYNAMIC SYSTEM
The complete thermodynamic system includes the solution for the electrostatic potential, the electron and hole concentration, and the electron, hole and lattice temperatures. The carrier temperature is a representation of the carrier energy. In order to solve for the three additional solution variables, three new semiconductor equations need to be added into the traditional device model. The underlying physics of the thermodynamic system are extended from [7] , although in [7] the author discussed only the formulation of self-heating. The complete system basically states two fundamental assumptions: the conservation of charge and energy.
The six semiconductor equations can be written as follows: Equation (1) 
~~~1 ,
no, po are used. The overall energy transfer rate for the carriers can be For the crystal lattice, if without extemal photon excitation, energy has to be conserved, and so R I~, + Rwp + RwrL = 0.
The carrier and carrier energy fluxes are derived directly from the Boltzmann transport equation with the relaxation time approximation [6] . Assumptions of parabolic band, small perturbation approximation and negligible drift kinetic energy are made during the derivation. Fermi statistics is used in the actual system, although its influence on the formulation is removed from the following equations for the sake of simplicity. The obtained formulas are 
Kn,, = ( 5 / 2 -a ) . ( P , n ) .
and a is the energy dependence of the relaxation time (i.e., 7 c ( E-"). K L is the lattice thermal conductivity, and the model developed by Glassbrenner 1. 51 has been implemented in FLOODS as the default model [6] . It can be observed from (1 2) and (1 3 ) that the carrier temperature gradient provides an additional driving force to the carriers which is ignored in DD model. It also should be noticed that, instead of local-field dependence, the carrier velocity saturation should be modeled through the carrier temperature dependence of the mobility such that hot carrier nonlocal transport can be modeled properly. Full thermodynamic simulations were used to attain the simulation results. Excellent consistency has been achieved.
energy variation in time while simulating transient and AC problems. Whether the transient variation of the potential energy affects the device characteristics is still not clear, and may need further study in fundamental device theory.
THERMAL EFFECTS ON BJT
The MOSAIC-111 [I21 bipolar transistor was used to study the lattice self-heating and the hot-carrier transport effect in BJT. The vertical doping profile in the active region of the BJT is shown in Fig. 1. Fig. 2 shows the Gummel plots predicted by the complete thermodynamic device model and by the drift-diffusion model. There is no significant difference in the simulation results, and the discrepancy between the simulation and the measurement may result from the difference in the actual and simulated device structures. The former can be explained by the fact that the intrinsic carrier concentration increases as the lattice temperature rises. It implies a much larger minority carrier concentration in the base, and therefore a higher collector current as joule-heating becomes significant. Since joule-heating is an increasing function of the applied VCE even if the collector current is "saturated," the collector current dependence on VCE will be larger than what is predicted without joule-heating effect. One thing worth mentioning is, although heating occurs locally, the lattice temperature is practically uniform inside the device due to small size of the BJT. Therefore, it is actually the heat sink capability of the package, interconnect, and substrate determines the degree of self-heating. Inclusion of carrier energy transport results in positive electron temperature gradient in the base region due to electron heat convection. The temperature gradient provides an additional retarding force to the electron flow. It causes a smaller collector current when the energy balance equations are included in the simulation, as shown in Fig. 4 . Fig. 5 shows the influence of self-heating and hot carrier effect on the base current. As with the collector current, inclusion of the lattice self-heating effect predicts a larger base current dependence on VCE, and the underlying physical mechanism is identical to that of the collector current. Inclusion of the energy balance equations, on the other hand, always results in a higher base current. The reason underlying this difference is the carrier mobility. The holes are cool in the emitter region. Therefore, almost no mobility degradation due to hot carrier should be observed. However, the hole mobility evaluated with the field-dependent model is substantially smaller due to the existence of a large built-in electric field in the emitter. This field, in reality, does not heat up the holes, but is still taken into account in the field-dependent mobility model and results in nonphysical mobility reduction. This is another example of the error caused by a field-dependent mobility model.
Neglect of any of the thermal effects can result in nonnegligible error in predicting the device characteristics. Ignoring the self-heating effect causes error in the BJT input transconduc- tance (912) and the output parameter (VA), as shown in Fig. 6 and Fig. 7 . A sign difference even occurs in the predicted g12 as self-heating becomes significant. The characteristics of V , and 912 has been verified by measurements [13] . Error in simulated collector and base current also appears when the hotcarrier effect is ignored. The hot-carrier effect may have even larger influence in the transient behavior of the device. Velocity overshoot, which occurs as a result of the finite electron energy relaxation rate, improves the charging/discharging capability inside the epi-collector region, and therefore reduces the carrier transit time. Without including the hot-carrier effect, the speed of the BJT will be underestimated.
IV. THERMAL EFFECTS ON MOSFET
A submicron NMOS has been used to examine the influence of the self-heating and hot-carrier effect on MOSFET performance. The device structure is exhibited in Fig. 8 . The gate oxide thickness is 15 nm, the substrate doping is 1.4 x 1017 cm-3, and the channel length is about 0.6 pm. An LDD structure with doping equal to 10'' cmV3 has been implemented in the device to reduce the impact ionization. Fig. 9 shows the drain current as a function of the gate voltage. It shows the complete thermal simulation predicts with great consistency to the measurement data for both subthreshold and strong inversion operation range. Fig. 10 shows the drain currents for various fixed gate voltages. Energydependent impact ionization is included in the simulation. Negative resistance is observed in both measurement data and simulation results for the cases of large gate voltage. The only parameter adjusted in the simulations is the extemal thermal resistance, which is required to find the proper boundary condition for the self-heating equation for the MOSFET. ization is tumed off in the simulations. The results are demonstrated in Fig. 11 , which shows decrease in the output conductance if self-heating is included in the simulation. Fig. 12 shows the output conductance. The thick lines are from DD simulation. The thin lines are from full thermal simulation. For the thick lines, the conductance stays positive which is primarily due to channel modulation. The thin lines, on the other hand, shows that the output conductance decreases as VDS increases, and in some cases even becomes negative. The difference in the output conductance results from self-heating. As lattice temperature rises, the carrier phonon scattering rate will increase which reduces the carrier mobility. The larger VDS is, the higher the lattice temperature and the lower the electron mobility will be. The lattice self-heating effect tends to compensate the channel modulation, and, therefore, reduces the MOSFET output conductance. To make sure it is the lattice temperature-induced mobility degradation that causes the output conductance decrease, self-heating simulations with temperature-independent mobility were performed. As expected, the negative output conductance does not appear. By comparing Fig. 10 and Fig. 11 , it seems that heating effect is more significant in Fig. 1 1. It is because that impact ionization tends to compensate the influence of self-heating on the drain current. Fig. 11 also examines the influence of the hot carrier effect on device performance. It is observed that, for higher gate bias, inclusion of the energy balance equations produce a higher drain current. Since the hot carrier effect couples to the carrier transport equations and complicates the whole solution system, the physical mechanisms underlying this phenomenon are not easy to understand. Some factors may contribute to the larger current. One is the electron energy gradient that tends to widen the channel thickness. Another factor is the occurrence of the electron velocity overshoot. Velocity overshoot will change the mobile charge and electric field distribution in the channel. A dip in the electron concentration will occur near the drain, which causes a higher diffusion current. Field curvature near the drain will be reduced, and the field in the channel becomes slightly higher. Carrier mobility is also higher due to nonlocal transport effect. The net effect is the increase of the drift current. Both effects tend to increase the drain current. For the half micron MOSFET, it seems the increase of the diffusion current is the dominant effect. Other effects may also exist, and it is an interesting subject for further investigation. As in the BJT, velocity overshoot will reduce the carrier transit time through channel. It will also reduce the charge density in the Comparison of MOSFET breakdown characteristics predicted by current but higher base current than the quantity obtained from DD simulation for the BJT, as exhibited in Fig. 4 and Fig. 5. u~~~~~~~~ saturation7, region of the channel. Both effects imply This implies the DD simulation overestimates the Gummel a faster MOSFET whose speed is usually underestimated by number. For MOSFET, inclusion of hot carrier effect predicts a higher drain current. It is probably due to the velocity the DD model.
illustrates how the nonlocal effect affects the pre-overshoot. For steady state, influence of hot carrier effect is not dieted MOSFET breakdown characteristics, The impact ioniza-as obvious as lattice self-heating. Its effect, however, should tion mode] [I51 is energy-dependent. For drift-diffusion be more significant in device transient behavior due to the simulations, the model is modified to be local field-dependent carrier [6] . Due to the nonlocal effect, electrons are not as hot as
For even smaller devices, the thermal effects on device Perionization rate obtained with energy balance equations is much effects will result in significant error, and full thermodynamic lower than that obtained in the drift-diffusion simulations. This is another influence of the hot-carrier effects. Fig. 14 shows the electron temperature distribution inside the MOSFET. A s demonstrated, a carrier temperature gradient is developed from drain to substrate, and results in an additional substrate current. Usually, this Current Will dominate the substrate current until impact ionization becomes significant. ,61 Minchang Liang, thermodynamic system for advanced V. CONCLUSION this paper, we show the importance of including both the lattice self-heating and the hot-carrier effect in simulating advanced devices. Lattice self-heating, which was included in power device simulation, is getting significant in scaled semiconductor devices due to the increasing dissipated power density. The rising lattice temperature inside devices will increase the minority carrier concentration, and reduce the carrier mobility. For BJT, the net effect will be a fast increasing input transconductance and decreasing ~~~l~ voltage, as displayed in Fig. 6 and Fig. 7 . In MOSmT's, the net effect shows UP as a smaller or even negative incremental channel conductance, as shown in Fig. 12 .
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